. The morphology of the facet of 4H-SiC There are two growth mechanisms. Fig. 1 is the morphology of the facet of 4H-SiC. In this region, screw dislocation mechanism controls the growth process. Fig. 2 is the morphology of the area out of the facet. In this region, rough surface growth mechanism dominants. In Fig. 2 , there are also two different morphologies. In area A, the growth steps are very fine. In area B, the surface is smooth. There is a slit between the two areas, which is not a scratch caused by machining or annealing after growth. Normally the slit is along the <11-20> direction and extends several or dozens of milli-meters on the as-grown surface. In order to identify the polytype structures in the two areas with different morphologies, Raman spectroscopy were used. One-dimensional Raman scanning was done cross the slit in a range of 100 µm, as shown in Fig. 3 .The dashed line represents the scanning path, and the real line is the actual position of slit which is along the <11-20> direction. The intensity ratio of folded transverse acoustic (FTA) mode of 15R-SiC (Raman shift at 172.3 cm -1 ) (Wang et al., 2004) and 4H-SiC (Raman shift at 204.99 cm -1 ) (Wang et al., 2004) was introduced. In Fig. 4 , the horizontal coordinate is along the dashed line in Fig. 3 , and the longitudinal coordinate is the intensity ratio. According to the intensity ratio, the scanning scope can be divided into three regions. In region A, the intensity ratio is much greater than AB www.intechopen.com Silicon Carbide -Materials, Processing and Applications in Electronic Devices 144 one, so it is mainly 15R-SiC whose Raman spectrum is shown in Fig. 5a . In region B, the intensity ratio is much lower than one, so it is mainly 4H-SiC whose Raman spectrum is shown in Fig. 5b . Between the two regions, i.e. near the slit, the intensity ratio drops suddenly. Two points, C and D at a distance of 4µm, were chosen as reference points in this region. The corresponding Raman spectra are shown in Fig. 5c and d . Fig. 5c and 5d , 15R and 4H polytypes appear at the same time. The characteristic peak of 15R-SiC dominates at point C. Both the characteristic peaks of 15R and 4H-SiC are weak and the intensity of the background signal is strong at point D. That is to say, the phonon state density is irregular in this area. In other words, the Si-C di-atom stacking near slit is not completely disorder but contains short range order of 4H and 15R-SiC. 
Summary
In summary, the polytype transition is a process in which the stacking structure changes from long range order to short range order and then back to long range regular. The transition region in our observation is in a range of about 2-3µm. The slit is just the sign of the polytype transition.
Characterizations
There are some structure defects in SiC single crystals which hinder its applications. For example, the micropipes increase leakage current and reduce the breakdown voltage of SiC devices (Neudeck & Powell, 1994; Wahab et al., 2000) . All the samples used in this section were 6H-SiC wafers grown by sublimation method. a b c d
Micropipes
Hollow tubes called micropipes, which generally run along the c axis, are often found in sublimation grown SiC crystals. There has been much debate regarding the nature of micropipes and several models have been proposed to illuminate the formation mechanism of micropipes. One is based on Frank's theory, which interpreted the formation of micropipes as the stress relaxation of screw dislocations with large Burgers vectors (Frank, 1951) . The diameter of micropipes depends on the Burgers vectors of screw dislocations:
Where D is the core diameter, μ the shear module, b the Burgers vector and γ the surface energy. The longer the Burgers vector, the larger is the diameter of the micropipes. The other model suggests that deposition or voids on the growth surface cause the generation of micropipes (Giocondi et al., 1997; Liu et al., 2005) . It has been proposed that the large steps interact with unit screw dislocations and the heterogeneous phase to form the micropipe. Fig. 6a and 6c show the stress birefringence images of two typical micropipes with different diameters respectively. They look like butterflies with four bright wings, and have a dark core in the center. The wings' length varies with the diameter of micropipe. The wings' brightness was also not uniform from the center to the outside. The longer the distance from the center, the weaker is the brightness of the wings. Fig. 6b and 6d exhibit the bright field images of the two micripipes respectively. The open cores were visible distinctly in the centers of micropipes especially for the one with large diameter. When we rotated the sample, the birefringence pattern rotated simultaneously (as shown in Fig. 7 ).
Experimental observations

Theoretical explanations
In this chapter we describe the strain field of a micropipe by the theory of screw dislocation. According to Frank's theory, micropipes are dislocations with large Burgers vectors. Therefore the strain field caused by the micropipes could be described by dislocation theory and stress birefringence image from a micropipe could be simulated. The existence of micropipes changes the crystal from uniaxial to biaxial crystal in the neighbour area of a micropipe. So the interference intensity near a micropipe should be written as follows:
22 0 0 ( / )sin (2 2 ) when 0 when
where r 0 is the diameter of the micropipe, α is the angle between <2-1-10> direction and polarizer, A is constant which can be expressed as: From Eq. 4, we can get interference intensity contours with different I 0 /I, as shown in Fig. 6 . The smaller the intensity of incident beam, the longer is the birefringence pattern's radius. In Fig. 6 the diameters of MP 1 and MP 2 are about 4.0µm and 0.66µm. According to Eq. 1 and Eq. 4, the lengths of the brightest wings (in case of I=I 0 ) for the two micropipes could be calculated (Table 1) . The observed and calculated values for these wings are nearly the same with two different micropipes. The insets in the upper rights of Fig. 6a and 6c give the simulation of MP 1 and MP 2 respectively. The simulation images are indeed a butterfly with four wings having a gradual changed intensity and a black core as same as the recorded images. However the four wings are not symmetrical in Fig. 6a . This may be caused by the off-orientation of the sample. The core of MP 1 is not circular in Fig. 6b , which can not happen in on-axis sample for the consideration of energy. This indicates the off-axis of the sample surface. From Eq. 4, it is known that the birefringence images rotated with different α. For example, if we rotate the sample for π/4 (α=π/4), the equal interference intensity contours rotated for π/4. This result fit well with the experimental results shown in Fig. 7 , where the red and white arrows represent the directions of the polarizer and <2-1-10> direction respectively. A void is taken as a reference point in Fig. 7 . In Fig. 7a , <2-1-10> direction is parallel to the polarizer, the bright wings make an angle of π/4 with <2-1-10> direction. In Fig. 7b , <2-1-10> direction make an angle of π/4 with the polarizer, the bright wings make an angle of zero with <2-1-10> direction. We can conclude that the calculated rotation property also agreed with the experimental results.
MP
Observed core diameter Fig. 8 shows the microscopic images for the same area but in different growth stages of the same crystal. The micropipes' distribution proves that Fig. 8a and 8b, 8c and 8d are the same areas in different growth stages respectively. The diameter of the micropipe is increasing with the crystal growth which can be proved by the size of bright wings in the birefringence images. It means that the stress can be released through micropipes during cryatal growth. According to statistic of the densities of micropie along crystal growth, the micropipe density decreased with growth process for almost all samples, except one. That is to say, in case of optimizing growth conditions, micropipe density can be decreased and crystal quality can be improved. 
Evolution of micropipes during growth
Summary
In summary, the birefringence images of micropipes in 6H-SiC single crystals were observed by a polarization optical microscope. Based on the Frank's theory, the micropipes were treated as screw dislocations with huge Burgers vectors. Due to the strain caused by a micropipe, the SiC crystal in the neighbour area around a micropipe transferred from uniaxial into biaxial crystal. In the meanwhile, the refractive index ellipsoid was described by three principal refractive indexes and birefringence occurred. Based on above consideration, the birefringence images of micropipes with different Burgers vectors were simulated. The results agreed well with the observations. It confirms indirectly the Frank's theory that a micropipe is actually the super-screw dislocation with huge Burgers vector. With crystal growth, the micropipe density has a tendency of decrease and the diameter of micropipes can be enlarged for the stress release.
Elementary screw dislocations
Although the elementary screw dislocations did not seriously deteriorate the performance of device as micropipes, they prevent the realization of high-efficiency, reliable electronic devices (Lendenmann, 2001; Malhan et al., 2003; Neudeck et al., 1998) .
In order to assess the density of elementary screw dislocation, back-reflection synchrotron radiation topograph of (0001) wafer was taken. In experimental setup, symmetric diffraction geometry with 00030 reflection was used. The angle between incident beam and sample surface was 83°. In this case, the selected X-ray wavelength is 0.1nm. The distance between sample and film was 20cm. The illumination area is 1mm x 1mm. Fig. 10 shows the back-reflection synchrotron radiation topograph of SiC (0001) wafer with 00030 reflection. From the topograph, many white dots with the same diameters of 26-28μm can be observed. As the simulation results in following paragraphs, these white dots correspond to elementary screw dislocations. Therefore, the density of elementary screw dislocation in this wafer was measured to be 1.56x10 4 /cm 2 . Fig. 10 . Back-reflection synchrotron radiation topograph of SiC wafer with 00030 reflection
The image of elementary screw dislocation can be simulated by ray-tracing method (Huang et al., 1999) . As well known, for a screw dislocation along z axis, its displacement field can be described as 
Where r=(x 2 +y 2 ) 1/2 . For the numerical simulation of the screw dislocation, the distorted lattice was divided into a set of small cubes of constant. All the cubes were assumed to have the same integrated diffraction density I 0 . The recording plane was also divided into a set of squares of constant area. Then the intensities from all the cubes were projected to the corresponding squares according to the traces of the diffracted beams. The sum of intensities each square received after the projection represents the local contrast level. Eventually, all the calculated intensity can be plotted as a gray-scale topograph to give the simulation of the screw dislocation image. Fig. 11a and 11b show the simulation images of an elementary screw dislocation with Burgers vector lc and a screw dislocation with Burgers vector 2c respectively. From the simulation images, the white dot diameter corresponding to an elementary screw dislocation with Burgers vector lc was measured to be 28μm. It is in well agreement with synchrotron observation. As for the screw dislocation with Burgers vector 2c, the corresponding white dot diameter from simulation was measured to be 39μm . Obviously, almost all the white dots in Fig. 10 correspond to elementary screw dislocations.
Basal plane bending
Recently, basal plane bending of SiC single crystals has attracted much attention (Lee et al., 2008; Seitz et al., 2006) . In the case of basal plane bending, the normal orientation of the basal plane varies with the position from point to point. Basal plane bending causes serious lattice deformation and leads to the formation of low-angle boundaries. It was found that the degree of basal plane curvature in the facet region was less serious than that in the periphery region (Seitz et al., 2006) . Therefore only the central part of a substrate can meet the requirements of device applications in the case of basal plane bending. For evaluating the crystal quality, <0001> orientated 6H-SiC samples were tested by HRXRD and SWBXT. The HRXRD was conducted by XPERT-PRO diffractometer. The incident beam was adjusted by the beam conditioner of four Ge(022) collimated crystals so that the X-ray beam on the sample was accurately the Cu-Kα 1 (λ=1.54056Å) radiation. The symmetrical diffraction geometry has been used in the measurement. The slits for the incident beam and detector are 0.5mm × 4mm and two degree respectively. The tube voltage and tube current are 40kV and 40mA respectively. Several samples were investigated by transmission synchrotron topography performed at the 4W1A beam line of Beijing Synchrotron Radiation Laboratory. In our experiment, the electron energy of storage ring was 2.2GeV and the beam current was 80-100mA. Transmission synchrotron topographs were taken by transmission Laue geometry. The samples were orientated with the (0001) surface perpendicular to the incident beam and the topographs were recorded by Fuji film. Fig. 12 shows the plot of the relative ω 006 rocking curve peak position as a function of the beam position across the diameters of a 2 inch wafer. The three groups of data in Fig. 12 were got from three different diameters of the same wafer. In case of precisely orientated crystal without any basal plane bending, ω is equal to Bragg angle. But the HRXRD test here is not the case. When the incident beam is located on the left of the center, the ω is larger than Bragg angle and the deviation of ω from Bragg angle is proportional to the distance between detected point and the center of the wafer. The farther the distance of the detected point from the center, the larger the deviation of surface from the basal plane. When the incident beam is located on the right of the center, the result is reversal, i.e. the ω is smaller than Bragg angle. The HRXRD experimental result implies that the (0001) basal plane in the sample is a concave face rather than a planar. Fig. 12 . Relative omega (Δω 006 ) peak position as a function of the beam position across the diameter of a 2 inch 6H-SiC wafer. The three lines were got from three different diameters on the same wafer.
Experimental results-HRXRD
Experimental results-SWBXT
The shape of the diffraction spots should be the same as that of footprint of X-ray source for a highly perfect crystal. In case of any lattice deformation, the diffraction spots for different reflections assume different shapes. Fig. 13 shows two transmission synchrotron topographs from two different samples. From this figure, it could be seen that the two samples have different distortion cases and each diffraction spot has its own shape in the two topographs. In Fig. 13a , all the diffraction spots are shrunk along the diffraction vector direction. In contrast, it seems that all the diffraction spots are stretched along the same line in Fig. 13b . No doubt, the two samples exist obviously structural imperfection. But is basal plane bending which causes the distortion of the diffraction spots? Fig. 13 . Synchrotron white-beam transmission images for two different samples under the same experimental conditions.
Theory and simulation results for SWBXT
In order to explore the relationship between the distortion of the diffraction spots and lattice imperfection, the shapes of Laue spots have been simulated based on the (0001) Si face concave sphere model. We establish two Cartesian systems X, Y, Z at sample (X and Y are parallel to the vertical and the horizontal base line respectively, Z is opposite to the incident X-ray direction, as shown in Fig. 14) , which stands for the spatial system and X´, Y´, Z´ (X´, Y´ and Z´ are parallel to <10-10>, <-12-10> and <0001> direction respectively), which stands for the crystallophysical system. The unit vectors for X, Y, Z and X´, Y´, Z´ systems are , , i j k   and ', ', ' i j k   respectively. If the sample surface is exactly the (0001) plane, the two Cartesian systems coincide. Otherwise there will be a rotation for X´, Y´, Z´ system using X, Y, Z system as reference coordinate. Based on the HRXRD measurement, it is believed that the (0001) plane after bending is a concave sphere with a radius of R and only the center of the 2 inch wafer is exactly the (0001) plane. Here the center of 2 inch wafer is taken as the origin of the X, Y, Z system. Therefore the position of the spherical center is located at (0, 0, R) . The c axis for an arbitary (x, y, 0) point on the sample surface deviates from the <0001> direction in case of basal plane bending. In other words, the Z´ directional vector at (x, y, 0) could be described as (cosα,cosβ,cosγ) In case of basal plane bending, for an arbitary point (x, y, 0) on sample surface, a new system X´, Y´, Z´ is established. Such system is unique and has exclusiveness. The new system X´, Y´, Z´ is got from the rotation of X, Y, Z system around a defined axis in XY plane whose directional vector is (sinδ, -cosδ, 0). So the base vector transformation relationship between the two systems can be derived: In one setup of our experiment, the X-ray is perpendicular to the sample surface and parallel to <000-1> at central point of sample, i.e. the positive plane of (0001) is facing to the incident beam. Here we define the Laue image of (0001) wafer in such setup as positive image. Similarly the Laue image of (0001) wafer is defined as negative image when the (000-1) Cface is facing to the incident beam. So the incident unit vector g 0 in positive image and the diffraction vector g for hkl reflection can be expressed as: 
where a * , b * and c * are reciprocal space base vectors. In X´, Y´, Z´ system, they can be expressed as follows:
In case of basal plane bending, the crystallophysical system, X´, Y´, Z´, varies with sample position continuously. For analysis convenience, the diffraction vector g could be divided into two parts, projection of g on XY plane, i.e. g f and projection of g on g 0 direction. The following formula can be got in X, Y, Z system: 
If the angle between g and g 0 is Ф, the diffraction angle θ can be written as follow according to their relationship in Fig. 14 
So the distance between the diffraction spots with the center spot on the positive image for hkl reflection, d, can be expressed as follow:
where D is the distance between the sample and the film. According to Eq. 13 and Eq. 16, the exact position of the diffraction spots on the positive image for hkl reflection can be determined. Moreover, for an arbitrary (x, y, 0) point on sample surface, its accurate positions for different reflections could be calculated. According to the descriptions above, for an arbitrary reflection, the corresponding diffraction spot shape could be simulated. It was found that the shapes of diffraction spots depended on the diffraction vector, the basal plane bending radius and incident beam direction. In simulation, a 4mm × 6mm illumination area was given and the positions for 20 points along the periphery of illumination area with 1mm interval were calculated for different reflections. Finally from one to its neighbor point was connected for each reflection and a series of Laue spots with distortion shapes were obtained. The simulation results are shown in Fig. 15a when a concave surface of (0001) wafer faces to the X-ray. The shapes for five typical areas of a (0001) wafer were simulated, i.e. center region O and four different quadrant regions A, B, C and D. It was found that the diffraction spots' distortion did not show remarkably difference for the five different areas.
The simulations for (000-1) convex face, i.e. negative image were shown in Fig. 15b and 15c . The two images correspond to different curvature radiuses. It was found that the distortions of the Laue spots became more serious with a smaller curvature radius. In SWBXT experiment, the area of footprint of X-ray area was 4mm × 6mm and the sample holder had a small rotation around X axis. The simulation ignored the holder rotation and diffraction intensity variations of different reflections. The above ignorance has no effect on distortion tendency of the Laue spots. Sample 1 and 2 were etched, for the purpose of knowing their polarity (Si face or C face). From the etching results, it was known that the illuminated lattice plane for sample 1 and 2 are (000-1) and (0001) respectively. According to HRXRD results, (0001) plane is concave and (000-1) plane is convex. Therefore the illuminated lattice plane for sample 1 and 2 are convex and concave respectively. Comparing the simulation results with the experimental observations, we can see obviously that Fig. 15b and Fig. 15a are nearly the same as Fig. 13a and Fig. 13b respectively. The main diffraction spots have the same distortion trend, which are shrunk and stretched along the diffraction directions respectively. When a convex lattice plane faces to x-ray source, its function is similar to a convex lens which make the X-ray focus and diffraction spots smaller. Similarly, the concave lattice face is like a concave lens, which make the X-ray defocus and diffraction spots larger.
Discussions
The HRXRD and SWBXT simulation results can confirm that basal plane bending exist in SiC single crystals. In SiC crystal growth experiments with different conditions, we found that the basal plane bending was caused mainly by the thermal mismatch between seed and holder which deteriorated the wafer's quality, i.e. increasing the density of low angle grain boundaries. Recently, the basal plane bending was eliminated by improving the seed attachment technique. 16 are two stress images for two wafers grown with different conditions. The vertical direction is <10-10>. Fig. 16a stands for a wafer with basal plane bending. It can be seen obviously that there is a boundary between the center area (the facet) and the outside region. And a mass of low angle grain boundaries assembled along the <10-10> directions. The existance of grain boundaries deteriorated the crystal quality and reduced its usable a b www.intechopen.com area. The insert of Fig. 16a is a microscopic image for <10-10> direction after etching. The white lines are low angle grain boundaries after etching. Fig. 16b stands for a wafer without basal plane bending. The boundary between the facet and the outside region disappeared. And the assembly of low angle grain bounbdaries along <10-10> direction disapppeared too. The stress for the whole wafer became more uniform. That is to say, the large number of grain boubdaries along <10-10> direction could be caused by basal plane bending.
Conclusion
In this chapter, polytype transition mechanism during 4H-SiC growth, the nature of micropipe and the existence of basal plan bending has been proposed. Elementary screw dislocations were also detected by back-reflection synchrotron radiation topography. All the results obtained above helped us to optimize the growth condition and then improve the crystal quality. Silicon Carbide (SiC) and its polytypes, used primarily for grinding and high temperature ceramics, have been a part of human civilization for a long time. The inherent ability of SiC devices to operate with higher efficiency and lower environmental footprint than silicon-based devices at high temperatures and under high voltages pushes SiC on the verge of becoming the material of choice for high power electronics and optoelectronics. What is more important, SiC is emerging to become a template for graphene fabrication, and a material for the next generation of sub-32nm semiconductor devices. It is thus increasingly clear that SiC electronic systems will dominate the new energy and transport technologies of the 21st century. In 21 chapters of the book, special emphasis has been placed on the â€oematerialsâ€ aspects and developments thereof. To that end, about 70% of the book addresses the theory, crystal growth, defects, surface and interface properties, characterization, and processing issues pertaining to SiC. The remaining 30% of the book covers the electronic device aspects of this material. Overall, this book will be valuable as a reference for SiC researchers for a few years to come. This book prestigiously covers our current understanding of SiC as a semiconductor material in electronics. The primary target for the book includes students, researchers, material and chemical engineers, semiconductor manufacturers and professionals who are interested in silicon carbide and its continuing progression.
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